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We report experimental evidence for the formation of
C5-hydroperoxyaldehydes (HPALDs) from 1,6-H-shift isomeri-
zations in peroxy radicals formed from the hydroxyl radical
(OH) oxidation of 2-methyl-1,3-butadiene (isoprene). At
295 K, the isomerization rate of isoprene peroxy radicals ðISO2Þ
relative to the rate of reaction of ISO2 þHO2 is
k295
isom
k295
ISO
2
þHO2
¼
ð1:2 0:6Þ  108 mol cm3, or k295isomC 0.002 s1. The tempera-
ture dependence of this rate was determined through experiments
conducted at 295, 310 and 318 K and is well described by
kisomðTÞ
kISO
2
þHO2 ðTÞ
¼ 2:0 1021 expð9000=TÞmol cm3. The overall
uncertainty in the isomerization rate (relative to kISO2þHO2) is
estimated to be 50%. Peroxy radicals from the oxidation of the
fully deuterated isoprene analog isomerize at a rate B15 times
slower than non-deuterated isoprene. The fraction of isoprene
peroxy radicals reacting by 1,6-H-shift isomerization is
estimated to be 8–11% globally, with values up to 20% in
tropical regions.
Approximately 500 Tg of isoprene (C5H8) originating primarily
from plants is released to Earth’s atmosphere each year.1 The
oxidation of isoprene in the atmosphere is primarily initiated
by reaction with hydroxyl radicals (OH). The bulk of this
reaction proceeds through addition of the OH to one of the
two external oleﬁnic carbon atoms. In the presence of oxygen,
six diﬀerent peroxy radicals (collectively ISO2) are formed
from reaction with O2 (R1).
isopreneþOH !O2 ISO2 ðR1Þ
In nearly all chemical mechanisms used to describe atmo-
spheric photochemistry, the subsequent fate of ISO2 is
determined by reaction with either NO (R2a and R2b) or
HO2 (R3).
ISO2 þNO!
kISO
2
þNOð1NYÞ
ISO þNO2 ðR2aÞ
ISO2 þNO!
kISO
2
þNONY
ISONO2; ðR2bÞ
where NY = nitrate yield.
ISO2 þHO2!
kISO
2
þHO2
ISOPOOHþO2 ðR3Þ
This representation is consistent with a wealth of laboratory
studies of the reactivity of peroxy radicals. Such studies have
typically been performed with suﬃcient concentrations of
NO or HO2 that the lifetimes of the peroxy radicals are very
short—often less than 0.1 s. For vast regions of the atmo-
sphere (including most of the tropics), however, the peroxy
radicals are estimated to live for 10’s of seconds before ﬁnding
a reactive partner in either NO or HO2 (e.g., for observed NO
and HO2 levels over Amazonia,
2 ISO2 lifetime with respect to
R2a–R3 is calculated to be 30–60 s).
A number of recent analyses have cast doubt on the traditional
representation of peroxy radical chemistry (R2a–R3). In
particular, motivated by the inability to explain measured
concentrations of OH in regions with elevated levels of
biogenically-derived hydrocarbons,2–6 investigators have hypo-
thesized that the peroxy radicals of the dominant VOC, isoprene,
may not follow the traditional reactive pathways. Most recently,
Peeters et al.7 and da Silva et al.8 have estimated from quantum
mechanical calculations that intramolecular hydrogen transfer
reactions of the isoprene peroxy radicals (R4) may diminish the
impact of isoprene oxidation on HOx concentrations.
ISO2 !
kisom
HOx þ carbonylðsÞ ðR4Þ
Here, we report product yields in the oxidation of isoprene
and its fully deuterated analog by OH in the presence of NO
and HO2 concentrations similar to those encountered in the
environment. We report temperature dependent formation rates
for unsaturated C5-hydroperoxyaldehydes (HPALDs)
7 generated
through 1,6-H-shift isomerization of two of the six peroxy
radical isomers, Z-1-OH-4-OO (R5) and Z-4-OH-1-OO (R6).
We assess the extent to which these intramolecular hydrogen
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transfer reactions occur in the atmosphere using the GEOS-Chem
chemical transport model.
ðR5Þ
ðR6Þ
1 Experiment
Experiments were conducted within aB1 m3 bag composed of
a ﬂuorinated ethylene propylene copolymer (Teﬂon-FEP,
DuPont). The bag was enclosed in a chamber that is painted
black on the inside and equipped with ultra-violet (UV) lights
(Sylvania F40/350BL) mounted to one wall. Photolysis of
CH3ONO provided the primary HOx source as described in
R7–R8.9 In order to achieve the slow chemistry required to
study the RO2 isomerization reactions, only a single UV bulb
was used. In addition, the direct emission from this UV-bulb
was blocked, such that only photons reﬂected from the ﬁxture
back-reﬂector contributed to the light ﬂux. The photon inten-
sity as a function of wavelength (300–850 nm) was measured
using a Licor (LI-1800) spectroradiometer. Using published
CH3ONO cross-sections,
10 and assuming a quantum yield of 1
for all wavelengths, we calculate JCH3ONO = 0.9  105 s1
(JNO2 = 2.8  105 s1) for the measured light intensity.
CH3ONOþ hv !O2 HO2 þNOþHCHO ðR7Þ
HO2 + NO ! OH + NO2 (R8)
High purity isoprene-H8 (C5H8) and methacrolein were
purchased from Sigma-Aldrich and used without further
puriﬁcation. Fully deuterated isoprene (isoprene-D8, C5D8,
D
DþH40:98, Polymer Source, Inc.) was used without puriﬁ-
cation. Gas-phase standards ofB200 ppmv of each compound
were created by evaporating a known mass of liquid material
into a known volume of N2. The concentration of this mixture
was veriﬁed for isoprene-H8 by FTIR spectroscopy using
tabulated cross-sections.11 The concentration determined from
the mass and volume measurements and the IR measurements
agrees to within 5%. Generally, 100 cm3 of the 200 ppmv VOC
mixture was transferred to the 1 m3 experiment bag using a
gas-tight ground-glass syringe.
Methylnitrite (CH3ONO) was synthesized, puriﬁed, and
stored using methods similar to those described by Taylor
et al.10 For use in experiments, the CH3ONO trap was removed
from the liquid nitrogen and allowed to warm, releasing
B5 hPa CH3ONO vapor into an evacuated 500 cm
3 bulb.
The contents of the bulb were discarded. After a second ﬁll, the
bulb pressure was reduced to B0.1 hPa, and then its contents
were transferred to the experiment bag.
For experiments with initial NO, a 500 cm3 bulb was
ﬁlled with B15 hPa of gas from a primary standard tank
containing 1993  20 ppmv NO in N2 (Matheson). The
contents of the bulb are then transferred to the experiment
bag.
Clean, dry air was generated from compressed house air
using a FTIR purge gas generator (Perkin, Model 75-52).
A known amount (B980 L) of zero air was added to the bag
using a mass ﬂow meter (MKS).
Upon illumination, very slow photochemistry is initiated.
After B4 h of slow photochemistry, six additional unblocked
UV bulbs were energized, increasing the photon ﬂux by a
factor of B30. This rapidly completed the isoprene oxidation
and allowed for mass balance to be evaluated.
Reaction products are monitored using a chemical ionization
mass spectrometry (CIMS)12,13 triple quadrupole instrument.13,14
The CF3O
 ion chemistry and instrumentation has been
described in detail previously.12–15 Brieﬂy, air is drawn from
the experiment bag at a rate of B1.8 standard litres per
minute (slpm) through B1 m of 6.35 mm O.D. Teﬂon
(PFA) tubing, where 260 standard cubic centimetres (sccm)
of gas is sub-sampled into the CIMS ﬂowtube. The remainder
of ﬂow is routed to commercial ozone and NOx monitors.
Within the CIMS ﬂowtube, air from the experiment bag
is diluted with 1540 sccm of dry N2 (from liquid nitrogen
boiloﬀ).
Neutral analytes react with CF3O
 ions primarily through
CF3O
 clustering and/or ﬂuoride transfer reactions to form
product ions observed at m/z = massneutral + 85 amu and
m/z = massneutral + 19 amu, respectively. For certain iso-
baric analytes, CF3O
 tandem MS analysis provides separate
quantiﬁcation.13 Several analytes which are undetectable using
CF3O
 ion chemistry were monitored using positive mode
via H+(H2O)n ion chemistry.
H2O2 was monitored using the CF3O
 cluster ion at
m/z = 119 and quantiﬁed using calibration factors obtained
from gas phase standard addition.12 Hydroperoxides, hydroxy-
carbonyls, and hydroxynitrates were monitored using the sum
of cluster and transfer product ions, and were quantiﬁed using
calculated relative ion–molecule collision rates.16w HNO3,
HONO, and HO2NO2 were monitored at transfer product
ions and quantiﬁed using calibration factors obtained from
standard additions. H2O concentrations were monitored using
the 13CF3O
H2O ion cluster observed at m/z = 104, and
quantiﬁed using calibration factors from standard additions
of H2O. Water vapor mixing ratios generally increased from
100 to 1000 ppmv over the course of the experiment from
diﬀusion and/or leaks into the teﬂon bag. The sum of methyl-
vinylketone (MVK) and methacrolein (MACR) is monitored
using the positive mode product ion observed at m/z= 71 and
quantiﬁed using calibration factors from standard additions
of MACR.
Experiments were performed at three diﬀerent temperatures.
Using a resistive heater, steady-state temperatures of 295, 310,
318 K were maintained. A box fan was used to circulate air
within the chamber. The temperature uniformity and stability
was 2 K.
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2 Results and discussion
2.1 Determination of isomerization rates
The observations of H2O2, ISOPOOH, and HPALD over the
ﬁrst 2 hours of slow oxidation along with the recommended
rate constant for HO2 + HO2 are used to evaluate the
isomerization rate for isoprene peroxy radicals relative to their
reaction with HO2. In the absence of secondary chemistry, the
observed time-rate-of-change for each product is equal to the
production rate, deﬁned in eqn (1)–(3).
PH2O2 = kHO2+HO2[HO2]
2 (1)
PISOPOOH ¼ YISOPOOHkISO2þHO2 ½HO2½ISO2 ð2Þ
PHPALD ¼ kisom½ISO2 ð3Þ
Here we assume YISOPOOH = 0.88  0.1213 and use the
recommended expression17 for the rate of HO2 self-reaction
shown in eqn (4).
kHO2+HO2 = {2.2  1013 exp(600/T)
+ 2.8  1033[M]exp(980/T)}
 {1 + 1.4  1021[H2O]exp(2200/T)} (4)
Combining eqn (1)–(3),
kisom
kISO2þHO2
¼ YISOPOOHPHPALD
kHO2þHO2
PH2O2
n o1=2
PISOPOOH
ð5Þ
The determination of kisom relative to kISO2þHO2 relies only
on experimental observations and the well-known kHO2+HO2.
As illustrated below, knowledge of the ratio of these rates is
largely suﬃcient to describe the importance of this reaction in
the atmosphere, as the regions where isomerization reactions
become important (long ISO2 lifetimes) are dominated by HO2
chemistry. Nevertheless, using the kISO2þHO2 recommendation
from Saunders et al.18 (eqn (6)), kisom can be estimated.
We note that at 298 K, this recommendation18 agrees well
with the only experimental determination of this rate.19
kISO2þHO2 ¼ 2:06 1013 expð1300=TÞ ð6Þ
OH and NO levels are estimated using an explicit photo-
chemical model.15 Observations of NO using the commercial
NOx monitor are precluded by interferences from CH3ONO
and HONO. The performance of the model is evaluated through
comparison with a number of observed species including
H2O2, HPALD, ISOPOOH, MVK + MACR, ISONO2,
HONO, HO2NO2, and HNO3. The kinetic model reproduces
the H2O2, HPALD, ISOPOOH, MACR+MVK, and ISONO2
time proﬁles to within 25%. HONO, HO2NO2, and HNO3
signals are small and obscured changing background levels
during the slow chemistry periods of the low NO experiments.
However, during the periods of increased light ﬂux and in the
high NO experiments the kinetic model simulations of HONO,
HO2NO2, and HNO3 generally agree with the observations to
within 30%. We emphasize, however, that the determination
of the 1,6-H-shift isomerization, relative to the ISO2 + HO2
rate, does not rely on results from the kinetic model, but rather
on the observed growth rates of ISOPOOH, HPALD, and
H2O2, the assumed yields for ISOPOOH (andHPALD,Y=1),
and the rate of HO2 self-reaction.
2.2 Slow chemistry
The very slow chemistry ([OH] E 1–2  105 mol cm3, for
experiments with no initial NO) established in these experi-
ments enables long ISO2 lifetimes, similar to those in the pristine
atmosphere.2 HO2 concentrations range from 20–40 pptv. NO
levels range from 30–60 pptv. The combined low HO2 and
NO concentrations produce ISO2 lifetimes of up to B50 s.
A summary of the experiments is given in Table 1.
Fig. 1 shows time traces of H2O2, ISOPOOH, and HPALD
(sum of HPALD1 and HPALD2) for isoprene oxidation
experiments conducted at two temperatures. The sum of
ISOPOOH isomers was monitored using the CF3O
 cluster
ion observed at m/z = 203 (isoprene-H8) and m/z = 211
(isoprene-D8), and distinguished from the later generation
Table 1 Summary of experiments. All experiments were conducted at atmospheric pressure (993 7 hPa). Product growth rates are given in units
of pptv min1. The 1s precision from the linear ﬁts are listed for product growth rates and propagated through eqn (5) to determine the kisom
kISO
2
þHO2precision.
Exp. VOC T/K [VOC]0/ppbv [NO]0/ppbv
d½H2O2 
dt
d½ISOPOOH
dt
a d½HPALD
dt
b d½ISONO2 
dt
c d½MVKþMACR
dt
d
kisom
kISO2þHO2
e
(108 mol cm3)
1-Isop-H8 295.2  1.4 21.1 0 2.33  0.10 4.27  0.62 1.02  0.03 0.53  0.02 7.53  0.33 1.18  0.18
2-Isop-H8 310.2  1.4 22.6 0 3.61  0.13 3.78  0.53 2.78  0.08 0.36  0.02 5.31  0.28 4.81  0.69
3-Isop-H8 318.2  1.4 21.2 0 5.21  0.22 3.10  0.31 4.06  0.07 0.16  0.07 4.76  0.23 10.7  1.1
4-Isop-H8 295.1  1.4 19.0 19 0.01  0.05 0.01  0.01 0.35  0.12 6.71  0.13 50.9  0.63 —
5-Isop-D8 295.3  1.4 21.4 0 1.65  0.10 3.81  0.41 0.073  0.012 0.72  0.02 6.19  0.26 0.08  0.02
6-Isop-D8 310.2  1.4 21.3 0 2.00  0.10 3.26  0.41 0.24  0.09 0.51  0.03 5.87  0.27 0.36  0.06
7-Isop-D8 316.8  1.4 19.1 0 2.10  0.14 4.04  0.75 0.57  0.06 0.46  0.05 4.89  0.18 0.71  0.16
8-Isop-D8 294.9  1.4 21.3 20 0.04  0.08 0.02  0.03 0.06  0.02 5.35  0.13 28.3  0.68 —
a C5-Hydroxyhydroperoxide isomers observed at CF3O
 cluster mass of m/z = 203 for isoprene-H8 and m/z = 211 for isoprene-D8.
b C5-Hydroperoxyaldehyde isomers (HPALD) attributed to form from isomerization reactions and observed at CF3O
-cluster mass of m/z =
201 for isoprene-H8 and m/z= 208 for isoprene-D8.
c C5-Hydroxynitrate isomers observed at CF3O
-cluster mass of m/z= 232 for isoprene-H8
and m/z= 240 for isoprene-D8.
d Sum of MVK and MACR carbonyls observed at H+-cluster mass of m/z = 71 for isoprene-H8 and m/z= 77
for isoprene-D8 (MVK-D6 + MACR-D6).
e Bulk isomerization rate for the sum of ISO2 isomers, including ISO

2 interconversion processes.
D
ow
nl
oa
de
d 
by
 C
al
ifo
rn
ia
 In
sti
tu
te
 o
f T
ec
hn
ol
og
y 
on
 0
5 
Ju
ly
 2
01
1
Pu
bl
ish
ed
 o
n 
24
 Ju
ne
 2
01
1 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/C1
CP
213
30J
View Online
Phys. Chem. Chem. Phys. This journal is c the Owner Societies 2011
isobaric epoxide using tandem MS mode (m/z = 203 -
m/z= 63 or m/z= 211- m/z= 63).13 The sum of HPALD
isomers was monitored at m/z = 201 (isoprene-H8) and
m/z = 208 (isoprene-D8). Although HPALD compounds
formed from isoprene-D8 initially contain a deuterated hydro-
peroxide group (–OOD) (m/z = 209), we observe the product
at m/z = 208. This is due to fast D–H exchange of the hydro-
peroxide deuterium atom with hydrogen atoms in the background
H2O on the walls of the bag and the gas sampling system. We
have observed such rapid exchange in previous experiments for
both hydroxy and hydroperoxy hydrogen atoms. Tandem MS
investigation of both m/z = 201 and 208 product ions gave a
signiﬁcant yield of the daughter ion with m/z = 63, similar to
the tandem MS of the ISOPOOH product ions, supporting the
attribution of these signals to a hydroperoxide species.13
The isoprene oxidation rate is quite similar for both experiments
shown in Fig. 1. The growth rate of H2O2 is substantially greater
for the warmer experiment, however, indicating higher HO2 levels.
This is consistent with enhanced HO2 production from the
isomerization processes, reduced HO2 loss from ISO

2 þHO2,
and lower NO concentrations (due to the higher HO2).
The observed product growth rates listed in Table 1 are
obtained from the slope of the ordinary least-squares ﬁt to the
CIMS observations over the ﬁrst 2 h of photooxidation for
experiments with no initial NO (0.7 h for NO expts), along
with the standard 1s uncertainty to the ﬁt. In experiments with
no initial NO,B8% of the initial isoprene is oxidized over this
period. No correction is made for the oxidation of the product
species. Neglecting this loss for a product which reacts with
OH at the same rate as isoprene produces an error of o10%
using the method of Atkinson et al.20 For these experi-
mental conditions, photolysis of HPALD is also negligible.
Using the photolysis cross-section of MACR with a quantum
yield of 1 (recommended by Peeters et al.7), we estimate
JHPALD = 2  106 s1. An explicit photochemical model
of this system shows that the error in equating the observed linear
increase to the average rate of production for these products over
this time-frame is small (o5%) due to the slow chemistry. In a
separate experiment we have quantiﬁed the heterogeneous loss
rates for HPALD, ISOPOOH, ISONO2, andH2O2 as 9.8 106,
3.6  106, 3  107, and 9.9  106 s1, respectively. Given
these rates, and the timescale of the determinations (o2 h),
heterogeneous losses do not impact the isomerization results
signiﬁcantly (o3%), and as such, are neglected.
HPALD products are preferentially formed at warmer
temperatures, consistent with the proposed origin involving
a primary H-shift over or through a signiﬁcant barrier (Fig. 1
and Table 1). In addition, HPALD formation for isoprene-D8
is observed to be slower than for isoprene-H8 by factors of
15.4 and 13.0 at T = 295 and 318 K, respectively.
Fig. 2 shows the isoprene peroxy radical isomerization data
listed in Table 1 on an Arrhenius plot. Also shown are the best-
ﬁt equations to the data which are derived using a York-type
ﬁt,21 accounting for uncertainties (Table 1) in both coordinates.
While the observed isomerization rates are well-represented by the
functional parameters shown in Fig. 2 (reproduce observations to
within 5%), these parameters are only valid for 295–318 K
temperature range. Large uncertainties in these parameters and
the complexity of the peroxy radical interconversion7 limit their
interpretation in the traditional context of entropic and enthalpic
constraints.
2.3 Overall uncertainty in the 1,6-H-shift isomerization rate
The uncertainty values for kisom
kISO
2
þHO2
listed in Table 1 reﬂect only
the propagated 1s standard precision from the ordinary
Fig. 1 Observations of H2O2 (top), ISOPOOH (middle), and HPALD
(bottom) species during oxidation of normal isoprene (C5H8). Results
from experiments #1 (circles, T = 295.2 K) and #3 (diamonds,
T = 318.2 K) are shown. Lines represent the best ﬁt parameters from
linear ordinary least-squares regression.
Fig. 2 Temperature dependence of 1,6-H-shift isomerization rates
yielding HPALD compounds relative to the rate of ISO2 þHO2
reaction, constrained through simultaneous observations of HPALD
(HPALD1 + HPALD2), ISOPOOH, and H2O2 (eqn (5)) for normal
(C5H8,  symbols) and deuterated (C5D8, + symbols) isoprene. The
axes of the elipses surrounding each data point show the 1s uncertainty
in each coordinate (Table 1).
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least-square ﬁt to the production rates of H2O2, ISOPOOH,
and HPALD. Using the standard precision listed in Table 1
and 0.15, 0.14, 0.2, and 0.4 for uncertainties in kHO2+HO2,
YISOPOOH, PH2O2, and in the relative calibration between
ISOPOOH and HPALD, respectively, we estimate the overall
uncertainty in kisom
kISO
2
þHO2
to be B50%.
2.4 Comparison with theory
The isomerization rate for the 1,6-H-shift for the d-isoprene
peroxy radicals is substantially slower than predicted in the
theoretical calculations of Peeters et al.7 and later reﬁned in
subsequent works.22–24 A direct comparison to the theoretical
rate is not, however, straightforward as we only observe the end
product of two important processes, namely: (a) interconversion
between the b-OH-OO, Z-d-OH-OO, and E-d-OH–OO peroxy
radicals (shown for 1-OH isomers in R9); and (b) the 1,6-H-shift
isomerization reactions from the two Z-d-OH–OO peroxy
radicals (R5 and R6):
ðR9Þ
Using Peeters et al.7 estimates of ISO2 interconversion rates
and the reﬁned isomerization rate for the Z-d-OH–OO from
Peeters and Muller,23 we calculate a bulk isomerization rate
B50 times faster than measured. The theoretical ratio kisom-H
kisom-D
from Nguyen et al.24 is a factor of 2.3 (295 K) and 1.3 (318 K)
higher than experimentally observed here.
2.5 Subsequent fate of HPALD unknown
The maximum HPALD concentrations achieved during these
experiments did not exceed 1 ppbv. The total yield was limited
by the slow chemistry required for observation of the peroxy
radical isomerization reactions and by the volume of the bag.
Due to the low HPALD concentrations, products from its
subsequent photooxidation could not be clearly identiﬁed.
2.6 1,5-H-shift (from alcohol)
Peeters et al.7 and da Silva et al.8 also calculated rates for 1,5-H-
shift isomerization/decomposition reactions, where an alkoxy
radical is formed as the alcohol hydrogen is abstracted by the
peroxy group in the dominant b-hydroxyperoxy radicals formed
from isoprene oxidation by OH (1-OH-2-OO and 4-OH-3-OO).
The alkoxy radicals are expected to rapidly decompose, forming
OH + HCHO + C4-carbonyl (MVK or MACR). Both calcula-
tions predict the same products, though with signiﬁcantly diﬀerent
rates (Peeters et al.7 isB8 faster at T = 298 K). Based on the
assumption that the observed yield of MVK+MACR reported
by Paulot et al.13 came from this process, the rate of Peeters et al.7
was adjusted upwards by a factor of 5 in the more recent study of
Peeters and Muller.23 Paulot et al.,13 however, attributed the
observedMVK+MACR yield ([12 12]%) to a radical channel
in the ISO2 þHO2 reaction. In addition, uncertainties in the
ISO2 þ ISO2 reaction rates as well as in the determination of
the fraction of ISO2 radicals reacting with NO could very well
account for all the observed MVK + MACR reported in the
Paulot et al. study.13
We are unable to experimentally estimate the rate of the
1,5-H-shift in this study primarily due to large uncertainties in
the ISO2 þ ISO2 reaction rate constants and product branching
ratios, as well as uncertainties in the ISO2-isomer speciﬁc
nitrate yields from ISO2 þNO, and unknown temperature
dependencies for all these parameters. Using the ISO2 þ ISO2
parameters recommended by Jenkin et al.,25 and the nitrate
yields of Paulot et al.15 coupled with the temperature
dependence recommended by Carter and Atkinson,26 the
observed isoprene-nitrate/(MVK + MACR) ratio is not,
however, compatible with the 1,5-H-shift rate recommended
by Peeters and Muller.23 The rate calculated by da Silva et al.8
(a factor of B40 slower) is consistent with our observations,
but also not well-constrained (ESIw, Fig. S1). In any case, this
isomerization channel is likely only of minor importance in the
atmosphere.
2.7 Nitrate yields and ISO2 interconversion
Isoprene nitrate yields are observed to decrease relative to
MVK + MACR with increasing temperature. This is consis-
tent with previous studies of the temperature dependence of
organic nitrate formation (e.g., Carter and Atkinson26) and is
attributed to a longer lifetime of the excited ROONO* (and/or
RONO2*) complex at cooler temperatures allowing for increased
collisional deactivation.27 Similarly, we attribute the much
higher isoprene-D8 hydroxy nitrate yields relative to those
from isoprene-H8 (a factor of 1.7 and 1.4 for low and high NO
conditions, expts 1,5 and 4,8, Table 1) to increased stabili-
zation of the ROONO* (and/or RONO2*) complex from
nearby deuterium atoms as compared with hydrogen atoms.
There is a signiﬁcant diﬀerence in the ratio of ISONO2/
(MVK +MACR) between the high and low NO experiments
at 295 K. While this diﬀerence could result from more
heterogeneous nitrate loss in the slow experiment, it may
reﬂect diﬀerences in the peroxy radical distribution between
these two experiments as the high NO experiment would be
closer to the initial kinetic distribution of ISO2 (higher fraction
in d) and the slow experiment closer to the thermodynamic
equilibrium for ISO2 (lower fraction in d).
7 Giacopelli et al.28
and Paulot et al.15 estimate signiﬁcantly higher nitrate yields
from the d-hydroxy peroxy radicals as compared to the b-hydroxy
peroxy radicals. The isomer-speciﬁc nitrate yields reported by
Lockwood et al.,29 however, are somewhat diﬀerent than those
reported by Giacopelli et al.28 and inferred by Paulot et al.15
The reasons for these diﬀerences are not currently understood.
The large (up toB30%), and continued increase in HPALD
yields with temperature provides evidence that the isoprene
peroxy radicals do indeed interconvert on the timescale of the
estimated lifetime of the peroxy radicals in these experiments
(B50 s).
3 Atmospheric implications
The fraction of isoprene peroxy radicals undergoing isomeri-
zation in Earth’s atmosphere was estimated using theGEOS-Chem
(v8.3.2) 3-D global model30 with a modiﬁed chemical mecha-
nism including updated isoprene chemistry as described
previously.13,15,31 Simulations were conducted with and without
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the isoprene peroxy radical isomerization for the June 2006–May
2007 time period with a 1.5 year model spin-up. We imple-
mented the isomerization process through the addition of R10.
Due to uncertainties regarding the fate of HPALD we did not
consider the further oxidation chemistry of this compound.
This is equivalent to considering the subsequent chemistry as
HOx-neutral. In addition, the sensitivity of the model to the rate
coeﬃcient for the reaction of isoprene peroxy radicals with HO2
was investigated. In the standard GEOS-Chem mechanism, the
rate of ISO2 þHO2 is kISO2þHO2 ¼ 7:40 1013 expð700=TÞ.
At T = 298 K, this rate is B1
2
that calculated from eqn (6).
While this does not change the ratio of kisom relative to
kISO2þHO2 (as we determined only the relative value), it does
reduce both rates relative to kISO2þNO.
ISO2 !
kisom
HO2 ðR10Þ
Isoprene peroxy radicals are predicted to react 44.1% with
NO, 42.6% with HO2, with 7.4% isomerizing to form HPALD
using the slow ISO2 þHO2 rate. Simulations using the faster
ISO2 þHO2 rate (eqn (6)) result in the following isoprene
ISO2 loss distribution: 33.5% reaction with NO, 53.5% reac-
tion with HO2, and 9.6% isomerization. As expected, the ratio
between the HO2/isomerization loss processes remains about
the same in these two simulations. The spatial distribution of
the fraction of isoprene peroxy radicals predicted to undergo
isomerization reaction is shown in Fig. 3. While not the
dominant process suggested previously,7,22,23,32 peroxy radical
isomerization is an important process for isoprene oxidation in
the atmosphere even at the slow rate reported here. HPALD
oxidation pathway(s), the resulting product(s), and the oxida-
tion thereof remain unknown. These pathways, along with
uncertainties in the relative rates of ISO2 þHO2 and ISO2 þNO,
contribute substantially to the overall uncertainty in the atmo-
spheric oxidation of isoprene, and hence, are deserving of
further study.
In a series of manuscripts,33–38 Jorand, Perrin, Blin-Simiand
and co-workers have reported peroxy radical isomerizations in
several systems at elevated temperatures. They have suggested
that such isomerization reactions may be important for atmo-
spheric chemistry. Until now, however, such mechanisms have
not been studied under conditions relevant for atmospheric
chemistry, nor have they been incorporated into the mechanisms
of atmospheric chemistry models. In this work, we provide
experimental evidence for the importance of such peroxy
radical isomerization reactions under atmospherically relevant
conditions. From the isomerization rates determined here,
isoprene peroxy radical isomerization reactions are unlikely
to reconcile the diﬀerences in HOx levels between observations
and model simulations.32 It is possible, however, that other
similar isomerization reactions contribute to HOx reforma-
tion. For example, similar studies on the oxidation of MACR
performed in our laboratory (Crounse et al., in preparation)
provide evidence for a fast 1,4-H-shift isomerization from the
peroxy radical formed after OH addition to the external
oleﬁnic carbon, yielding OH and hydroxyacetone. Previous
theoretical calculations have also demonstrated the feasibility
of such 1,4-H-shift isomerizations in similar systems.39–41 It is
likely that such processes occur in the gas phase oxidation of
other organic compounds for conditions where RO2 lifetimes
become suﬃciently long. The methods described in this
work should be generally useful for the future investigation
of RO2 isomerization reactions under atmospherically relevant
conditions.
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